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Abstract

The scientific community has produced increasingly robust knowledge and evidence of the physical impacts of warming on time scales of
tens of decades and longer. However, the social and humanitarian impacts of climate overshoot remain largely unknown. As we quickly
approach the Paris Agreement’s aspirational target of 1.5 °C of global mean temperature rise, new and dynamic climate and social
realities of climate overshoot must be considered and managed. Here, we outline 5 factors influencing human and social climate
overshoot impacts, describe potential post-peak behavior that would lead to varied impacts, and call for enhancing action to fill
pressing knowledge, data, and policy gaps to understand the risks to human and social systems.
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In the early 2000s, the possibility of overshooting certain thresholds
in global mean temperature (GMT) gained more attention in aca-
demic spaces (1, 2). Generated data and related discussions pro-
moted awareness of the potential for cascading and potentially
irreversible impacts to planetary systems (3). Over subsequent
years, the scientific community has developed increasingly robust
knowledge and evidence of the physical risks of such warming on
time scales of tens of decades and longer. However, there has
been little systematic knowledge and evidence production related
to the social and human impacts of climate overshoot, particularly
for the communities who will be most directly, severely and most
urgently impacted, and on the time scales that matter most, in
terms of informing when, where and to what extent risk mitigating
actions should be prioritized (and deprioritized) (4, 5).

The latest Intergovernmental Panel on Climate Change assess-
ment has shown that, under current Nationally Determined
Contributions (NDC)s, we are on track to significantly exceed 1.5 °C
GMT before the 2050s (6, 7). Full implementation of both uncondi-
tional and conditional NDCs could lead to up to 2.6 °C warming of
GMT. Updated NDCs expected in 2025 must deliver unprecedented
cuts to emissions by 2030, as well as include specific and transparent
sectoral benchmarks and means of implementation (8). However,
only a minority of countries have submitted updated NDCs, signifi-
cantly increasing the likelihood of a period of time, likely decades or

longer, with significant climate overshoot, i.e. a phase in which
warming exceeds the 1.5 °C mark before drawing down below it
(Fig. 1) (9). Now is the time to consider not only critical questions
leading the world to face choices, such as those related to rate of re-
covery and stabilization, but also the ways in which various risk re-
duction approaches are implemented at the right time, and at a
sufficient scale.

Doing so is critical as the appropriateness of approaches, such
as various types of anticipatory humanitarian action, will
fluctuate over time within different overshoot scenarios, at vari-
ous times before, during, and after primary, and subsequent rela-
tive, peak temperature periods (10-12).

With the improvement in global climate models, downscaling
approaches and integration of artificial intelligence and machine
learning-centric and machine learning-derived products and proc-
esses, the scientific community has been able to illuminate many of
the physical risks the world is likely to experience after crossing
1.5°C GMT (2, 3, 7). However, the human and social consequences
of temperature stabilization or decline post-1.5 °C GMT for areas
such as food security, health, displacement and mobility, and
humanitarian action have received far less scientific attention
(5, 13, 14), even as demand increases for the development of rele-
vant policy (15). The lack of evidence-backed insight leads to signifi-
cant challenges in decision making related to disaster management
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Fig. 1. A schematic representation of climate change impacts of relevance for the humanitarian sector, including (a) the timing of temperature

exceedance, (b) the peak warming, and (c) the duration of overshoot.

and humanitarian action—the exact spaces that are responsible to
support vulnerable populations dealing with climate impacts—and
those that must anticipate and be responsive to changes in the
standard operating procedures of today (16, 17). The paucity of data-
sets sets the stage for the risk of compounding already complex
processes with mis- and underestimation of impacts (18).

At the 80th anniversary (2025) of the United Nations, debates
and reflections on the roles, responsibilities, and ultimately the
future of the humanitarian sector, increasingly referred to as
the Humanitarian Reset, are taking place. Overshoot scenarios,
and differences in the associated direct and indirect impacts of
each scenario, must be central to these discussions. As an applied
climate research community, we are at a critical juncture in
which there is still time to build the evidence base for likely over-
shoot scenarios, and act on such evidence, but that window is rap-
idly closing. Further, the amount of time available within such a
window is becoming increasingly uncertain due to changes in geo-
political contexts specific to both climate change adaptation and
mitigation, and more broadly related to secondary and indirect
impacts related to shifts in trade, partnerships, and international
aid and development priorities (19, 20). In describing both direct
and indirect social impacts, there is a need to further enhance,
and potentially reframe, research on the ecological impacts
and feedback to physical systems (21, 22). And in doing so, this
more comprehensive approach must include modelling a diverse
range of interactions between direct and indirect impacts across
various sectors, such as water, food, energy, and the humanitar-
ian sector (23).

To help anticipate and prepare impacts for climate overshoot
impacts, and in moving beyond mitigation-focused solutions, we
propose that policymakers and planners begin to consider 5 areas:
1) peak warming and the duration of overshoot and the timing of
arrival, 2) the geographic distribution of overshoot effects, 3) the
level of future exposure and vulnerability in the affected ecosys-
tems and societies, 4) adaptation limits, and 5) the responses to
reverse overshoot, e.g. through carbon dioxide removal (CDR),
and dynamics of reversal. There are growing efforts to explore
these factors for specific sectors, applications, and communities
(24, 25). However, it is critical that future programs and activities,
such as those related to solar geoengineering, focus on the conse-
quences for the most vulnerable populations, and where possible,
the opportunities for the most vulnerable populations to build re-
silience and thrive, acknowledging the reality of reprioritizing
various actions as impacts vary over time, over different phases
of recovery (26).

Peak warming and duration of overshoot

Multiple IPCC risk assessments, and observations, have clearly
shown the sensitivity of ecosystems and societies and how they
are impacted by increased warming. In fact, the latest IPCC report
has shown that ecosystems and social systems are even more sensi-
tive to warming than previously assessed, meaning that risks are
higher at 1.5 °C or 2 °C of GMT warming than previously assumed
(27). Reversing these impacts is not feasible for many systems (e.g.
sea level rise), even if temperatures are, after a period of overshoot,
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brought back down to below these thresholds. This could result in
long-term changes in what humanitarian needs look like and a
lack of predictability in how those needs will evolve over time both
in terms of the physical hazard (e.g. persistence of sea level rise
post-peak GMT) and socioeconomic (e.g. indirect and compound ef-
fects on social systems) repercussions of climate overshoot.

Inaddition, as scale and magnitude of impacts depend on the dur-
ation of overshoot, certain systems may be able to buffer shorter pe-
riods of overshoot, such as aerosol pollutants, compared with
groundwater, for example (27). However, even for such systems
that have a certain degree of resilience, the stress testing needed
tounderstand theimpacts on the most vulnerable populations with-
in the contexts of high-vulnerability populations at sufficient levels
of granularity has not been sufficiently conducted—nor have the
shortcomings of a lack of appropriate disaggregation been robustly
described or communicated effectively. Irreversible impacts may
only emerge after a duration threshold is achieved, but earlier im-
pacts may emerge continuously in various forms. Further, even for
systems in which impacts could be reduced or reversed in principle
after, additional direct and indirect impacts are to be expected dur-
ing the overshoot, including pre- and post-peak (recovery) periods,
many of which are then irreversiblein turn. Alimited number of dec-
ades with increased droughts or wildfires, for instance, will lead to
additional economic and human losses, at the individual and com-
munity levels, which are not reversible, even if the intensity of
droughts and wildfires themselves mightbe. The longer the duration
of climate overshootis, and the more volatile itisin terms of changes
in temperature trends and direction, the greater the drain on finan-
cialreserves and the ability to prioritize and allocate resources to an-
ticipate and absorb shocks.

Geographical amplification

Despite the fact that the international policy discourse is con-
cerned with globally averaged levels of warming, the additional
impacts from temperature overshoot will not be distributed equal-
ly across the globe in space, time, and magnitude. First, regional
amplification of warming and climate feedbacks can be expected
to lead to situations in which the same level of global overshoot
(e.g. exceeding 1.5 °C for 3 decades up to a peak warming of 1.8
°C) will affect some regions more significantly than others (28).
The Arctic and West and Southern Africa, for example, are warm-
ing faster than the global average (24). Second, areas experiencing
each increasing exposure and vulnerability, along with increasing
hazards stemming from overshoot are nonuniformly distributed
globally (29). While the dynamics of exposure and vulnerability
in overshoot bears similarity to disaster risk in a preovershoot
world, and even in a world before substantive climate change, a
post-1.5 °C world may include nonlinearities of exposure and vul-
nerability from global change, interacting with both known and
unknown nonlinear impacts induced by overshoot.

Both aspects—regional climate amplification and high social vul-
nerability—are co-occurring in many parts of the world. For ex-
ample, in addition to hosting some of the most vulnerable
ecosystems and communities, the Arctic (or polar) areas experience
amplification driven by a variety of factors including snow and ice
decline, which hasled to changesin land cover and land use, in add-
ition to increasing temperatures, each driving shifts in livelihoods
(30). Likewise, regions with hydrological amplification in Africa are
also those with some of the highest levels of social vulnerability glo-
bally (27). To support the principles of an equitable and just transi-
tion, the interaction between overshoot impact and the well-being
of the most vulnerable communities must be better understood.

Timing of arrival

The latest IPCC assessment report clearly showed that the speed
of potential adaptation of climate change affected systems is a
major determinant of risk outcomes. As systems need time to
adapt, such as through species mobility and migration in ecosys-
tems or infrastructure development in human systems, the risk of
loss and damage may be higher the faster temperatures are in-
creasing and the sooner extreme climate and weather events
manifest. Even whatis defined as a sufficiently resilient system to-
day may weaken, or fail to evolve as quickly as needed during
overshoot—for example, in reaction to inflection and the changes
in concavity during recovery. For coastal cities, for instance, the
retrofitting of existing infrastructure for storm surge protection
can take several decades (15), and such actions, if effective, will
only address one type of flood risk, with river flood risk and flash
flood risk changing at different rates and becoming a new occur-
rence in certain areas, demanding more attention to reprioritiza-
tion of policy and allocation of resources (25, 31).

Adaptation limits and trends in vulnerability

Limits to adaptation will increasingly be exceeded with significant
losses and damages becoming prevalent (32). The compounding
and cascading nature of risks and impacts only serves to worsen
and complicate vulnerability (8). This is due to the dynamic and
evolving nature of climate change impacts, with cascading effects
across various sectors, ecosystems, and communities. Many of
the unanticipated impacts and poorly characterized risks will
lead to maladaptation, leaving the most vulnerable communities
(once again) disproportionately ill-prepared, during a time of in-
creasingly complex weather and climate extreme events (33): for
example, the overreliance of land to sink carbon, and the lack of
understanding of direct and indirect impacts on land cover and
land use and how these will feed back into overshoot-modified
systems, such as food, health, and energy systems. Efficacy of nat-
ural sinks is expected to reduce significantly as CO, levels in the
atmosphere continue to increase, as overreliance will present en-
hanced and new types of competing interests.

Overshoot reversal dynamics

Post-peak behavior is significant, and currently underestimated in
importance, when considering human and social impacts. Reversal
of GMT will require negative emissions and increased CDR deploy-
ment. Land- and ocean-based methods for CDR with comparatively
lowrisks, e.g. afforestation and wetting, will create substantial add-
itional demand for land and put pressure on existing systems, po-
tentially leading to conflicts with food production and other uses.
While there has been a wide acknowledgment of the uncertainties
related to CDR, the overly simplistic framing, along with the untest-
ed nature of the technologies and the potential to disrupt and jeop-
ardize fragile climate agreements, demand more deliberate and
substantive attempts to integrate risks and benefits to the humani-
tarian sector not only of the development and deployment of the
technology, but also related to governance and decision making.
Recovery from overshoot is likely to consist of various timescales
with decreases and increases in GMT, as well as stagnant or stable
(from a GMT perspective) periods, due to a variety of physical and
social factors. Even stagnant or stable periods of GMT recovery,
which may lead to periods of stability in impacts across certain sec-
tors (such as those that can more quickly anticipate and deploy re-
sources to pivot), can still drive unexpected shifts in risk for the
most socially vulnerable populations and thus increasing demand
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* | Post 2C" Uni-directional, consistent
drawdown reaching 1.5C°

A
* | Post 2C” Uni-directional, gradual
drawdown approaching 1C°
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with variability in direction
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(:* | Recovery post-peak occurs, with variability in
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followed by an increase before additional recovery

2100

A
Post 2C° Uni-directional, rapid initial drawdown,
plateauing after reaching 1.5C"

4 post 2¢° Uni-directional, rapid sustained

drawdown to levels below 1C°
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direction, including a period of relative stability,
followed by additional recovery

Fig. 2. Representations of various post-peak behaviors and the potential variability within recovery. (A-D) Unidirectional drawdown from the same peak
(2C), at varying rates and extents. Despite the sustained drawdown, the variations in each scenario would carry different impacts and operational
requirements for the humanitarian sector and disaster risk management. (E-G) Various representations of post-peak variability in duration, magnitude,
and direction, where overall interpretation of behavior over a multidecadal period may be said to be “recovery” (red line). (E-G) Years and certain decades
could still see increases in GMT. The oscillations between drawdown and rewarming, albeit at different rates and periods, would likewise carry unique
planning and operational impacts in humanitarian operations, disaster risk management, and infrastructure development.

forresources in the humanitarian sector: for example, if overshoot-
driven physical impacts on modes of interannual climate variabil-
ity led to lagged impacts on seasonal precipitation patterns and
trends in extreme events. These dynamics must be more clearly de-
scribed, with their plausibility investigated, as evidence against
their occurrence does not sufficiently exist, thus again leaving the
most vulnerable to bear the weight of a foreboding risk of which
the magnitude, intensity, and scope are unknown.

The shape and variability of the temperature curve used
to model climate overshoot must be sufficiently relative to the in-
tention for using it to inform discussions, actions, and ultimately
policy development. Thus far, there has not been a robust re-
presentation of climate overshoot within either the academic lit-
erature or climate policy context that includes specific attention
to variability of temperature post-peak thatincludes the potential
for periods of relative stability during recovery, and subsequent
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trends, with assessments of temporal lags, for direct and indirect,
and disproportionate, impacts.

Differences in how recovery may occur have been described,;
however, these representations, while potentially useful for cer-
tain applications, may be inappropriate or misleading for other
use cases as they may underestimate both the uncertainty around
and magnitude of impacts if a non-linear and variable recovery
period occurs (Fig. 2E-G): for example, the ways in which energy
pricing agreements are established may allow that sector to be
more resilient to shorter interannual (compared with decadal)
perturbations in recovery trajectory, whereas the humanitarian
sector would be less equipped to attenuate a shift in impacts
that may arise from a 5-year period of temperature increase with-
in a larger 30-year period of recovery (Fig. 2).

Managing societal impacts

The stakes for advancing knowledge and action on the impacts of
overshoot are extremely high, as the short-term policy actions we
take to respond to individual crises will influence mid- and long-
term policy contexts, and particularly now as governments review
and revise priorities related to strategies, partnerships, and moti-
vations for international aid and humanitarian action (34, 35). If
the humanitarian sector is not supported to promote an evolution
to be stronger, more resilient, and flexible, there will be systemic
barriers present in addressing new stressors in logistics and oper-
ations, leading to a persistence of known vulnerability and expos-
ure, as well as to the production of new types of known and
unknown risks (36, 37). As the future of the humanitarian sector
is increasingly uncertain due to drastic funding reprioritization
in recent years, strategic planning and policy design on the future
of humanitarian action must include an overshoot lens. To do so,
we propose the following guidance for a selection of the relevant
groups involved in managing societal impacts:

For scientists, research on potential human and social impacts
must be ramped up, increasingly prioritized, and broadened in
scope to account for various post-peak behaviors, perhaps in the
form of a coordinated global collaborative effort potentially simi-
lar to Model Intercomparison Projects (MIPs). Humanitarian sec-
tor interests must be more substantively and more visibly
centered, in relation to overshoot, across each research, policy de-
velopment, and translation into action, to ensure proportional
and timely benefit for the communities set to experience the
greatest burdens, and face the most direct threats, to their lives
and livelihoods.

For humanitarian organizations, it is necessary, and there is a
responsibility, to start or rapidly enhance strategic planning that
accounts for a future in which there will be various evolutions of
how impacts are experienced. Such planning should include devel-
oping scenarios for impacts that are both irreversible if occurring
now and those that may be currently manageable yet may be irre-
versible if they happen during overshoot. Disasters of the future
will lead to both new stressors and shocks, driving new and inter-
related challenges in humanitarian funding, logistics, and opera-
tions that are at scales and complexity levels that may be
impractical or impossible to address. Narratives within and around
the humanitarian sector must evolve to embrace the reality of un-
certainty, while better managing the tension between pragmatism
and hope regarding the real and rising risks to the current ap-
proaches to humanitarian aid, disaster response, and internation-
al, sustainable development.

For governments, there is a growing need to strengthen NDCs to
ensure that we have a realistic path to revert back to 1.5 °C GMT in

ways that do not cause additional humanitarian needs and unfore-
seen impacts, and ensure that we avoid as many irreversible im-
pacts as possible. Clearly acknowledging what we do not know
must be incentivized, as these topics can support prioritization
within interdisciplinary scientific research, to enable more appro-
priate and translatable science for policy. The immediate policy
actions that we take to tackle individual crises will shape the longer-
term landscape for policy and humanitarian response. These must
occur now, with some of the initial steps including a review of policy
and standards related to data collection toidentify if and to what ex-
tent, and at which levels of resolution, people are representative at
appropriate and relevant levels of granularity (38). Without robust
global multilateral collaboration, across various types of govern-
ment regimes, aligning climate solutions with a resilient and
adaptable humanitarian sector, the future will bring about unprece-
dented challenges—ranging from resource shortages to logistical
and operational complexities that could overwhelm existing sys-
tems, leading to transboundary impacts that are “unintended,”
yet potentially avoidable if the risk of such impacts are acknowl-
edged and addressed now (39).

In conclusion, increasing our understanding of how social and
economic systems will be impacted in climate overshoot is
necessary to sufficiently identify, tailor, and implement the
appropriate adaptation, risk reduction, and anticipatory action
strategies in the years, and decades, ahead. In doing so, it is
important to explore to what extent various sectors, such as the
humanitarian, financial, and health sectors, as currently struc-
tured, funded, and operationalized can be resilient now and dur-
ing the various phases of climate overshoot. Assessments of
impacts that are likely to occur at specific thresholds, as well as
across a range of timescales (such as decadal) must be conducted
without a focus thatis too strongly weighted toward tipping points
and at peak temperature levels, as doing so will smooth out the in-
flections and variability that is high consequence to certain sec-
tors specifically those that are influencing decision making,
regulations, and policy related to balancing long term mitigation
activities with the necessary attention on decreasing impact now.

The probability of unknown impacts, or at the least the prob-
ability for impacts that currently occur infrequently within geo-
graphic areas of interest, should also be made clear to allow for
social and economic systems the best chance for preparedness
and anticipation. These systems and associated governance
structures must also be developed dynamically to be sufficiently
structured to allow for accountability and monitoring and yet be
sufficiently malleable to be reactive to changing conditions be-
fore, during, and after each peak temperature, perturbations
across time scales, and periods of relative stability. A commitment
to support the most vulnerable populations to address risks of the
most extreme events is only the first step in adequately anticipat-
ing the impacts of overshoot on societies. We also need to commit
to allocating resources for developing the knowledge and evidence
needed to effectively prepare for and respond to the social impacts
of overshoot. Ultimately, we must continue to pursue efforts to
meet the Paris Agreement goals and avoid many of the worst im-
pacts and complexities that may arise in climate overshoot; how-
ever, this pursuit must not lead to a de prioritization of planning
for both a post-2 °C GMT world more broadly, as well as for dis-
tinct phases within climate overshoot.
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